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Molecular developmental studies of ¯y and mouse embryos have shown that the identity of individual body segments is
controlled by a suite of homeobox-containing genes called the Hox cluster. To examine the conservation of this patterning
mechanism in other segmented phyla, we here describe four Hox gene homologs isolated from glossiphoniid leeches of the
genus Helobdella. Based on sequence similarity and phylogenetic analysis, the leech genes Lox7, Lox6, Lox20, and Lox5 are
deemed to be orthologs of the Drosophila genes lab, Dfd, Scr, and Antp, respectively. Sequence similarities between Lox5 and
Antp outside the homeodomain and phylogenetic reconstructions suggest that the Antennapedia family of Hox genes (as de®ned
by BuÈrglin, 1994) had already expanded to include at least two discrete Antp and Ubx/abdA precursors prior to the annelid/
arthropod divergence. In situ hybridization reveals that the four Lox genes described in this study are all expressed at high
levels within the segmented portion of the central nervous system (CNS), with variable levels of expression in the segmental
mesoderm. Little or no expression was seen in peripheral ectoderm or endoderm, or in the unsegmented head region (prosto-
mium). Each Lox gene has a distinct anterior expression boundary within one of the four rostral segments, and the anterior-
posterior (AP) order of these expression boundaries is identical to that reported for the orthologous Hox gene products in ¯y
and mouse. This ®nding supports the idea that the process of AP axis differentiation is conserved among the higher metazoan
phyla with respect to the regional expression of individual Hox genes along that axis. One unusual feature of leech Hox genes
is the observation that some genes are only expressed during later development -- beginning at the time of terminal cell
differentiation -- whereas others begin expression at a much earlier stage, and their RNA ceases to be detectable shortly after
the onset of expression of the `late' Hox genes. The functional signi®cance of this temporal disparity is unknown, but it is
noteworthy that only the two `early' Hox genes display high levels of mesodermal expression. q 1997 Academic Press
pattern formation and the evolution of patterning mecha-INTRODUCTION
nisms. Hox genes have been reported in a variety of animalThe Hox genes of higher metazoans have provided consid-
phyla and genetic studies involving fruit¯ies, mammals,erable insight into both the genetic basis of developmental
and nematodes suggest a widely conserved role in the pat-
terning of the anterior±posterior (AP) body axis (McGinnis1 V.A.M. is co-®rst author. and Krumlauf, 1992; Kenyon and Wang, 1991). Hox gene2 Current address: Department of Psychiatry, University of Penn-
function is best understood in Drosophila, where thesesylvania School of Medicine, Philadelphia, PA 19104.
genes play little or no role in subdividing the AP axis into3 Current address: Swiss Institute for Experimental Cancer Re-
segments, but rather confer position-speci®c segment iden-search, Epalinges, Switzerland.
tities that result in segment diversi®cation (Lewis, 1978;4 Current address: Department of Cell Biology and Anatomy,
Castelli-Gair et al., 1994).New York Medical College, Valhalla, NY 10595.
Although recent work questions the long-held view that5 Current address: Department of Zoology and Institute for Cellu-
annelids and arthropods are united in a single taxon, thelar and Molecular Biology, University of Texas at Austin, Austin,
TX 78712. Articulata (see, for example, Eernisse et al., 1992; Aguinaldo
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et al., (1997), there is as yet relatively little work on Hox ila genes Ultrabithorax (Ubx) and abdominal-A (abdA)Ð
which have yet more posteriorly situated expression bound-genes from spiralian protostomes, and annelids are the only
spiralians with a segmented body plan clearly comparable, aries (Wysocka-Diller et al., 1989; Nardelli-Hae¯iger et al.,
1994; Wong et al., 1995). Of particular interest is our ®ndingand possibly homologous, to that of arthropods. Thus, a
comparison of Hox genes in annelids and arthropods pro- that several leech Hox genes are only expressed at late stages
of development when segment identity has already beenvides insight into how these genes, particularly Hox genes
of the ``Antennapedia'' family (BuÈ rglin, 1994), are deployed established, whereas other leech Hox genes exhibit a mark-
edly earlier phase of embryonic expression and could there-in similar body plans. The Antennapedia family is a set of
contiguous genes at the center of the Hox cluster that do not fore be playing some more fundamental role in the process
of segmental diversi®cation.exhibit convincing one-to-one orthologies when compared
between arthropods and vertebrates. The Antennapedia
family genes are thought to have arisen by duplication and
divergence from a single ancestral gene that existed prior MATERIALS AND METHODS
to the evolutionary separation of protostome (e.g., ¯y) and
deuterostome (e.g., vertebrate) lineages (McGinnis and
AnimalsKrumlauf, 1992). In this paper, we describe four Hox genes
from an annelidÐthe glossiphoniid leech HelobdellaÐand The animals used in this study were taken from breeding colo-
use phylogenetic distance and parsimony analysis to show nies of the closely related species Helobdella robusta and H. triseri-
that the Antennapedia family had already diverged into at alis maintained at Harvard Medical School and the University of
least two distinct genes within the protostomes prior to the Chicago. The colonies are kept at room temperature in arti®cial
separation of the annelid and arthropod lineages. pond water and fed three times a week on physid pond snails.
Embryos were either isolated from the parent and ®xed immedi-Despite many similarities in both the outward appear-
ately or were maintained in a buffered saline medium until theance and the ontogeny of segmentation in annelids and ar-
desired age of ®xation. Embryos were staged according to Stent etthropods, leeches generate their segmented body plan
al. (1992). In keeping with the previous literature, gene sequencesthrough a pattern of stereotyped cell lineages (Shankland,
are given the suf®xes ``-Hro'' for H. robusta, or ``-Htr'' for H. triseri-1991; Weisblat and Shankland, 1985), a cellular mechanism
alis when it is necessary to distinguish their species of origin.quite unlike the modes of segmentation observed in the
more widely studied insects and vertebrates. In Helobdella,
segmental founder cells are generated sequentially by large
Cloning of Lox5 and Lox6embryonic stem cells located at the posterior end of the
germinal band. The founder cells display intrinsic segment Internal 110-bp fragments of the Lox5 and Lox6 homeoboxes
identities that correspond to the order of their birth, and were initially isolated in a PCR ampli®cation homeobox screen of
cell transplantation experiments indicate that they acquire H. robusta genomic DNA (Shankland et al., 1991; for methods,
see Nardelli-Hae¯iger and Shankland, 1992). Each of these PCRsegment identity at that time (Martindale and Shankland,
fragments was used to independently screen an H. robusta genomic1990; Gleizer and Stent, 1993; Nardelli-Hae¯iger et al.,
DNA library constructed in l phage EMBL3a and kindly provided1994). By examining spatiotemporal patterns of Hox gene
by E. Baxter and D.J. Price, University of Edinburgh, as previouslyexpression in Helobdella, one can infer what role(s) the Hox
described (Nardelli-Hae¯iger and Shankland, 1992). Positive clonesgenes may or may not be playing in the initial establishment
were plaque puri®ed and restriction mapped; a 5-kb homeobox-of segment identity in an organism where segmentation is
containing fragment of the Lox5 gene and a 3-kb homeobox-con-constrained to a framework of stereotyped cell lineages.
taining fragment of the Lox6 gene subsequently were subcloned
In this paper we characterize the gene expression patterns and partially sequenced.
of four Helobdella Hox genes with anterior boundaries situ- The subcloned Lox5 and Lox6 genomic fragments were used to
ated in the four most rostral segments. A preliminary analy- separately screen a Lambda ZAP cDNA library generated from stage
sis of these patterns was reported by Shankland (1994). 10 H. robusta embryos (Nardelli-Hae¯iger and Shankland, 1992).
Lox7, Lox6, and Lox5 were previously described and as- The plasmid replicative form of the a positive clone (Bluescript
signed as orthologs of labial (lab), Deformed (Dfd), and An- (SK0)) was rescued by in vivo excision according to the manufactur-
er's instructions. Insert cDNAs were sequenced on both strandstennapedia (Antp), respectively, on the basis of homeodo-
(Sequenase kit, U.S. Biochemical).main sequence (Shankland et al., 1991). We here con®rm
the orthology assignments of these three genes from more
extensive sequence analysis and describe their expression
Cloning of Lox7within the segmented body trunk of the Helobdella embryo.
In addition, we report the isolation, sequencing, and expres-
A 14-kb genomic fragment of the Lox7 gene was obtained fromsion analysis of another leech Hox geneÐLox20Ðwhich
H. triserialis by hybridizing a cocktail of 32P-labeled Drosophila
appears to be an ortholog of Scr. In situ hybridization reveals homeobox-containing genes, Dfd, Scr, Antp, z1, z2, Ubx, AbdB,
that these four leech Hox genes have anterior expression and eve, to an EMBL3 genomic library using low-stringency condi-
boundaries whose order along the AP axis is identical to that tions (Wedeen et al., 1990). Positive clones were subcloned and
of the orthologous Hox genes in arthropods and vertebrates. three overlapping sequences of a 588-nucleotide region were ob-
This is in keeping with previous reports on the expression tained. The homeobox sequence corresponded to that of a Htr frag-
ment (pRK275) ampli®ed by PCR previously (Richard Kostriken,patterns of Lox2 and Lox4Ðleech homologues of Drosoph-
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personal communication) and to a Lox7-Hro fragment ampli®ed by sense riboprobes. Essentially identical results were obtained in the
two species, regardless of the species origin of the probe being usedPCR (Shankland et al., 1991).
(see Results). Riboprobes of de®ned length were generated from
Lox gene sequences cloned into Bluescript using either the Mega-
script or mMessage mMachine T3 and T7 kits (Ambion Inc., Aus-Cloning of Lox20
tin, TX). In situ hybridization was performed as previously de-
A 0.9-kb Lox20 fragment was isolated using RT±PCR from Htr scribed for Lox5, Lox6, and Lox7 (Nardelli-Hae¯iger and Shankland,
embryonic RNA, isolated from stage 2±10 embryos by the acid 1992) or as previously described for Lox20 (Master et al., 1996).
guanidinium phenol chloroform method (Chomczynski and Sacchi,
1987). cDNA was synthesized using AMV reverse transcriptase
(Promega) and an extended 53-nt primer, V-RT (see below). Two
RESULTSPCR primers were synthesized according to two widely conserved
Hox protein motifs: an 8-fold degenerate 12-mer oligonucleotide
corresponding to the amino acid sequence YPWM and a 384-fold Lox Gene Sequence Analysis
degenerate 23-mer oligonucleotide corresponding to KIWFQNRR.
Figure 1 shows nucleotide sequence corresponding to theAmong the products ampli®ed and cloned was an approximately
longest available ORFs for Lox7, Lox6, Lox20, and Lox5.216-bp homeobox-containing fragment herein designated as Lox
The Hox group of homeobox genes displays a high level of20. The complete downstream region of Lox 20 was obtained from
cDNA by RACE (rapid ampli®cation of cDNA endsÐFrohman, amino acid sequence conservation within the 60-amino-
1993) using two gene-speci®c primers designed from the Lox20 acid homeodomain and the ``hexapeptide'' sequence up-
fragment (Lox 20-in and Lox20-out) in conjunction with a pair of stream of the homeodomain (BuÈ rglin, 1994); these regions
3* primers (V-IN and V-OUT) nested within the V-RT sequence. are underlined in Fig. 1. Most other parts of the protein
RACE PCR products were screened by Southern blotting with a sequence have undergone considerable interspecies and in-
digoxygenin-labeled KIWFQNRR probe. Hybridizing bands were
tergenic divergence, and we have therefore focused our se-cloned into pBluescript II (SK0) and sequenced on both strands using
quence analysis on these two highly conserved portions ofSequenase v2.0 (USB).
the coding region.
Primer sequences: We will here classify Hox-type homeobox genes according
to the terminology of BuÈ rglin (1994) in which they are subdi-
V-RT: 5* GGGGGATCCACTAGTTCTACCCGGGCCCTATAT- vided into three ``classes''ÐLabial (LAB), Antennapedia
ATGTTTTTTTTTTTTTTTTT; (ANTP), and Abdominal-B (ABD-B)Ðon the basis of se-
V-OUT: 5* GGGGGATCCACTAGTTC; quence similarity. The ANTP class is further subdivided
V-IN: 5* ACCCGGGCCCTATATATG; into four ``families''ÐAntp, Deformed (Dfd), Sex combs re-Lox20-out: 5* ACA CGA ACC TCC TAT AC;
duced (Scr), and proboscipedia (pb). (We will refer to classLox20-in: 5* CAA GGA GGA GGA GGA TAG A.
names entirely in uppercase letters, whereas family names
will mirror gene namesÐthey will appear in lowercase,
with the ®rst letter of the gene name in upper- or lowercase,Sequence Analysis and Orthology Assignments
as is the convention for that gene.)
Three separate methods were used to establish gene orthologies. Lox7. A 288-bp region of a H. triserialis Lox7 genomic
Predicted amino acid sequences were compared to the database
clone was sequenced. The putative amino acid sequence ofof nonredundant Genbank sequences using the BLASTP program
the homeodomain was found to share 97±100% amino acid(version 1.4). Matching sequences are ranked in terms of the proba-
similarity to sequence previously described from Lox7 PCRbility that the observed similarity could have arisen stochastically.
fragments in H. robusta (Shankland et al., 1991). We didWe also used phylogenetic reconstruction methods: amino acid
not encounter the hexapeptide sequence in the 121 bp ofsequences from Lox genes and putative Drosophila homeodomain
sequences were used to create a gene phylogeny with both PHYLIP ORF upstream of the Lox7 homeobox, which is to be ex-
(Phylogeny Inference Package v. 3.57c) and PAUP (Phylogenetic pected given that hexapeptide and homeodomain are typi-
Analysis Using Parsimony, version 3.1). Aligned sequence included cally encoded by separate exons (BuÈ rglin, 1994). The se-
73 amino acids within and immediately downstream of the homeo- quenced portion of the Lox7-Htr genomic fragment has been
domain and 16 amino acids including the hexapeptide and ¯anking submitted to Genbank under Accession number Y10888.
sequences. The Seqboot program of PHYLIP performed a 500-repli-
The predicted amino acid sequences of the Lox7-Htr ho-cate bootstrap resampling; PHYLIP Protdist determined distances
meodomain and ¯anking regions were screened against thefor the resampled datasets using a PAM±Dayhoff matrix (Dayhoff
Genbank database with the BLASTP program and found toet al., 1978) and neighbor-joining trees (Saitou and Nei, 1987) were
be most similar to previously described LAB class Hox genesconstructed using Neighbor. For the PAUP parsimony phylogeny,
from a variety of phyletically diverse organisms (Fig. 2A), athe branch-and-bound search option was used, characters were
equally weighted, invariant characters were ignored, and branch result strongly supported by a neighbor-joining tree (Fig. 4;
lengths equal to 0 were collapsed to yield polytomies. see below). It is interesting to note, however, that the Lox7
homeodomain is encoded by an unbroken ORF, whereas
the Drosophila lab homeobox is split by an intron after
Whole-mount in Situ Hybridization codon 44 (Mlodzik et al., 1988).
Lox6. The Lox6-Hro cDNA begins with an 877-bp ORFNonradioactive in situ hybridization was performed on both H.
robusta and H. triserialis embryos using digoxygenin-labeled anti- encoding the hexapeptide and homeodomain, followed by
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FIG. 1. Nucleotide sequences with inferred translations of the longest ORFs for Lox7, Lox6, Lox20, and Lox5. The hexapeptide and
homeodomain regions are underlined. Note that no hexpeptide is found for Lox7. See text for cloning and sequencing methods and
Genbank Accession numbers.
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FIG. 2. Alignment of predicted amino acid sequence for leech Hox genes with the most similar gene products identi®ed by database
searches. Matching sequences are shown in descending order of similarity (see Materials and Methods for details), with dashes indicating
identical amino acid residues. Percentages represent amino acid identity to the Helobdella gene product for only the sequence shown on
that same line. For situations in which a search reported orthologous genes from two or more closely related speciesÐe.g., different
mammalsÐonly a single example is shown. (A) A 75-amino-acid sequence including the Lox7 homeodomain is most similar to known
Hox genes of the LAB class. (B) A 141-amino-acid sequence spanning the Lox6 hexapeptide and homeodomain (5 residues upstream to 10
residues downstream) was found to be similar to Hox genes of both the Dfd and Scr families. However, Lox6 shares 4 of 5 amino acids
in the downstream pentapeptide only with members of the Dfd family, suggesting that it is orthologous to that family. Signi®cant
similarity to other genes was not observed in the region between the hexapeptide and the homeodomain, and that sequence is not shown.
(C) Lox20 was also found to be similar to Hox genes of the Scr and Dfd families. The database search was undertaken with an 89-amino-
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a 328-bp untranslated region (3*-UTR) with a consensus
polyadenylation sequence and poly(A) tail. The Lox6 hexa-
peptide and homeodomain are separated by 60 amino acids,
and comparison of genomic and cDNA sequences indicates
that splicing had occurred 152 bp upstream of the homeo-
box. The complete sequence of the Lox6-Hro cDNA has
been submitted to Genbank under Accession number
AF004386.
Sequence comparison indicates that the predicted Lox6
protein is most similar to previously described members of
FIG. 3. Comparison of amino acid sequence in the hexapeptidethe Dfd and Scr gene families, and the BLASTP program
domain for Lox5 and the four Antp family Hox genes of Drosophila.does not readily distinguish between them (Fig. 2B). It is
The hexapeptide is boxed, and identical residues are shown asgenerally held that these two gene families diverged early
dashes. In this region, Lox5 is most similar to the Antp gene ofin the metazoan radiation (McGinnis and Krumlauf, 1992),
Drosophila. The two other known leech members of the Antp gene
but they nonetheless have quite similar homeodomain se- familyÐLox2 (Nardelli-Hae¯iger et al., 1994) and Lox4 (Wong et
quences (BuÈ rglin, 1994). On the other hand, the Lox6 gene al., 1995)Ðare also included for comparison. This similarity, in
also encodes a pentapeptide sequence (LPNxK) immediately conjunction with the phylogenetic analysis (Fig. 4) and expression
downstream of the homeodomain that is conserved among data (Fig. 8) strongly support orthology of Lox5 with Antp.
Dfd family genes from a wide variety of species (Fig. 2B).
This pentapeptide is unknown among bona ®de members
of the Scr family, strongly suggesting that Lox6 is in fact a
Dfd ortholog. Phylogenetic analysis of this sequence also quence than has been seen for any other Scr ortholog (An-
indicates Dfd orthology, with a bootstrap proportion of drew, 1995).
0.878 (Fig.4; see below). Lox5. Two Lox5 cDNAs were obtained by library
Lox20. Lox20 was isolated from H. triserialis cDNA by screening using a partially sequenced 5-kb HindIII fragment
the RACE technique. The cloned sequence consists in its of H. robusta genomic DNA. The longer (2.2 kb) Lox5-Hro
entirety of a 963-bp ORF which (based on primer selection) cDNA consists of a 1137-bp ORF encoding hexapeptide and
should begin immediately 3* to the YPWM core sequence homeodomain, followed by a 1115-bp 3*-UTR with consen-
of the hexapeptide. The RACE fragment terminates with a sus polyadenylation sequence and a poly(A) tail. A separate
stretch of 17 adenines. A polyadenylation signal and 3*-UTR 2.1-kb Lox5 cDNA was truncated by 344 bp at the 5* end of
are noticeably absent, suggesting that an A-rich internal this sequence and by 58 bp at the 3* end, but was otherwise
sequence annealed with the oligo(dT) primer during the identical in sequence. In these Lox5 cDNAs the hexapeptide
RT±PCR. The Lox20 RACE fragment sequence has been and homeodomain are separated by 10 amino acids, and
submitted to Genbank under Accession number AF006638. comparison of genomic and cDNA sequences indicates that
Sequence comparisons indicate that Lox20 is most simi- splicing had occurred 14 bp upstream of the homeobox. The
lar to the Scr family of Hox genes (Fig. 2C). Of the six most longer Lox5-Hro cDNA sequence has been submitted to
similar sequences identi®ed by the BLASTP program, ®ve Genbank under Accession number AF004387.
are known members of the Scr family, and one is a member Sequence comparisons indicate that the predicted Lox5
of the closely related Dfd family. Outside of the homeodo- protein is a member of the Antp family of Hox genes (Fig.
main, Lox20 shows similarity to Scr family genes in the 2D). Establishing orthology of Lox5 to any particular mem-
amino acid sequence immediately following YPWM (Fig. ber of the insect Antp familyÐAntp, Ubx, abd-A, or fushi
2C), and it does not possess the pentapeptide sequence char- tarazu (ftz)Ðis dif®cult based solely on sequence compari-
acteristic of known Dfd family genes (see above). Phyloge- sons within the homeodomain and ¯anking regions. How-
netic analysis also indicates Scr orthology (Fig.4; see below). ever, Lox5 shows considerably greater similarity to Antp
The predicted Lox20 polypeptide has 242 amino acids down- than to the other three insect genes in the vicinity of the
hexapeptide sequence (Fig. 3), suggesting that the leechstream of the homeodomain, a much longer ¯anking se-
acid sequence beginning with the YPWM of the hexapeptide (predicted from primer annealing, and shown in lowercase) and ending 10
residues downstream of the homeodomain. The sequence separating the hexapeptide and homeodomain is shown in full for each gene,
with arrowheads indicating continuity. Note that Lox20 does not share the downstream pentapetide characteristic of the Dfd family (see
part B) and is deemed to be an ortholog of the Scr family. (D) A 91-amino-acid sequence spanning the Lox5 hexapeptide and homeodomain
(5 residues upstream to 10 residues downstream) was found to be most similar to Hox genes of the Antp family. Signi®cant similarity to
other genes was not observed in the region between the hexapeptide and the homeodomain, and that sequence is not shown. Abbreviations
for species are as follows: Htr, Helobdella triserialis; Hro, H. robusta; Am, Ambystoma mexicanum (axolotl); Bf, Branchiostoma ¯oridae
(lancelet); Dm, Drosophila melanogaster; Dt, Dugesia tigrina (planaria); Gg, Gallus gallus; Hs, Homo sapiens; Mm, Mus musculus; Tr,
Takifugu rubripes (puffer ®sh); XI, Xenopus laevis.
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FIG. 4. Neighbor joining tree establishing phylogenetic relationships of leech homeobox-containing genes to Drosophila orthologs. Amino
acid translations for the genes shown correspond to the 73 positions for Antp shown at the bottom of the ®gure. BLAST searches indicated
that the six leech genes corresponded to Hox class members. A distance matrix was constructed using the PAM-Dayhoff method (Dayhoff
et al., 1978). Numbers at each node are the bootstrap proportions of 500 replicates that support that node. Bootstrap values closer to 1.00
provide the greatest con®dence that the relationships are true for the given the data set. All branch lengths are drawn to scale; scale bar
indicates changes per amino acid position. Note that the genes of both the ANTP class and the Antp family (as de®ned by Burglin, 1994)
are monophyletic. Within the Antp family, there are two distinct monophyletic groups, Antp/Lox5 and abdA/Ubx/Lox2/Lox4. This
suggests that the common ancestor of ¯ies and leeches had two Antp family genes, one of which duplicated independently to give rise
to Ubx and abdA in ¯ies and Lox2 and Lox4 in leech.
neighbor-joining trees and parsimony trees with the fourLox5 gene may be a true ortholog of the insect Antp gene.
leech Hox genes described here and seven Drosophila HoxAs described in the following section, both parsimony and
genes. We also included two previously described leechdistance analyses strongly support this orthology.
Antp family genes, Lox2 and Lox4, that were previously
described as having Ubx/abdA af®nities (Wysocka-Diller,Phylogenetic Reconstruction 1989; Nardelli-Hae¯iger and Shankland, 1992; Wong et al.,
To further investigate the potential orthologies between 1995). The neighbor-joining tree is shown in Fig. 3. The
parsimony tree (not shown) was similar in most particulars.Hox genes in leeches and arthropods, we constructed both
Copyright q 1997 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8689 / 6x2d$$$141 09-24-97 12:01:15 dbal
291Hox Gene Expression in Leech CNS
These phylogenetic methods generally con®rmed the as- geal) and caudal ganglia, respectively. Body segments are
de®ned according to the ganglia/neuromeres of the CNSsignments of orthology put forward in the previous section.
In addition, this analysis permitted a ®ner resolution of gene and are numbered in anterior±posterior order with R1±R4
designating the four rostral segments; M1±M21, the 21 mid-orthologies within the Antp family. As de®ned by BuÈ rglin
(1994), the Antp family contains multiple Hox genes that body segments with unfused ganglia; and C1±C7, the seven
caudal segments. The prostomium includes the oral epider-can not be readily divided into subfamilies in comparisons
of arthropod and vertebrate sequences. However, arthropods mis and a nonsegmental supraesophageal ganglion, which
wraps around the foregut connecting to the anterior end ofand annelids are more closely related, and their Antp family
genes might be divisible into meaningful subfamilies if the the R1 neuromere of the segmental nerve cord.
Prior to the onset of embryonic stage 9, the segmentallast common ancestor already possessed two or more genes
in this group (Shankland et al., 1991; Wong et al., 1995). body plan of the Helobdella embryo is already laid out
within a narrow germinal plate that wraps around the me-In support of this idea, our analyses strongly support a
monophyletic Lox5/Antp clade, with a bootstrap proportion dian plane of a large yolk mass. The germinal plate under-
goes considerable expansion during stages 9±10 as it engulfsof 0.752 at their common node. There is also strong support
for a monophyletic Lox2/Lox4/Ubx/abdA clade, with a the endoderm and elongates to form the tubular body of the
adult leech, but there is no signi®cant alteration in eitherbootstrap proportion of 1.00 at their common node (indicat-
ing that all trees from the 500 bootstrapped resampled data- the number or spatial relationship of body segments during
this time.sets supported that topology). Within this latter clade, Lox2
and Lox4 pair with one another rather than with one of Lox7. During the later stages of embryonic development,
Lox7 RNA is expressed in all segments of the leech bodythe Drosophila genes, suggesting that the duplication that
resulted in Lox2/Lox4 in annelids may have occurred inde- trunk, from R1 to C7. Hybridization is restricted to the CNS
and occurs in only a small number of segmentally repeatedpendently from the duplication leading to Ubx/AbdA in
arthropods, consistent with the previous conclusions of neurons (Fig. 5A). The pattern of ganglionic neurons which
express Lox7 RNA differs in R1±R4 compared to more poste-Wong et al. (1995). Our analysis differs slightly from the
latter study, in that it clusters Lox2/Lox4 with Ubx (boot- rior segments, but the overall number is similar to that seen
in other segments. There is no detectable expression in thestrap proportion  0.65), rather than indicating that Lox2/
Lox4 and Ubx/abdA arose as separate clades. However, this unsegmented supraesophageal ganglion, nor was Lox7 RNA
observed in the gut, segmental mesoderm, or peripheral ecto-minor discrepancy does not challenge the central conclu-
sion, namely, that Antp and Ubx/abdA subfamilies were derm. This general pattern of expression remains stable
through the end of embryogenesis (stage 11).already represented by at least two distinct genes in the last
common ancestor of annelids and arthropods. Lox7 RNA was ®rst detected by in situ hybridization dur-
ing the latter part of embryonic stage 8. As seen at later
stages, this early expression extends to the anterior end of
Patterns of Gene Expression the segmented nerve cord but does not encroach into the
unsegmented supraesophageal ganglion (Fig. 5B). However,The spatial distribution of the various Lox gene tran-
scripts was examined by nonradioactive in situ hybridiza- this early pattern of Lox7 hybridization appears to be com-
posed of a larger fraction of cells in the ganglion than thetion of stage 9±10 Helobdella embryos. The two Helobdella
species employed here gave indistinguishable results, re- late pattern (Fig. 5B), suggesting that there is a loss of Lox7
RNA in some cells associated with the early phases of ner-gardless of the species origin of the probe sequence. This
interchangeability re¯ects the high degree of nucleotide vous system maturation.
Lox6. During the later stages of embryonic develop-identity between orthologous genes in H. robusta and H.
triserialis, which has been measured at roughly 90% within ment, Lox6 RNA is expressed in a segmentally restricted
pattern, with the anterior boundary in segment R2. Therea 90-bp region of the Lox7 homeobox and 94% in 174 bp
of an actin gene coding sequence (M. Shankland and C. J. is intense expression throughout much of neuromere R3.
There is also a small bilateral cluster of Lox6-expressingWedeen, unpublished).
Anatomy of the late Helobdella embryo. By embryonic neurons in the posterior of neuromere R2 and similarly in
all of the more posterior neuromeres/ganglia along the nervestages 9±10, the Helobdella embryo has developed a seg-
mented and bilaterally symmetric body plan fundamentally cord's length (Fig. 6). R1 is the only CNS neuromere which
completely lacks Lox6 expression. Lox6 RNA was not de-identical to that of the adult leech. The trunk domain is
composed of 32 segments and extends most of the body's tected in the gut or mesodermal tissues by this technique,
but low levels of hybridization were observed in some oflength. The embryo also has a small, unsegmented cephalic
domain called the prostomium. A typical body segment the peripheral ectodermal tissues in segments R3 and R4
(Fig. 6). As seen with Lox7, this pattern of Lox6 expressioncontains a single ganglion of the ventral nerve cord, a com-
plement of segmental epidermis and muscles, a bilateral remains stable into embryonic stage 11.
Lox6 RNA was ®rst detected by in situ hybridization dur-pair of nephridia, and a portion of the gut tube. The segmen-
tal ganglia are linked by the longitudinal connective nerves. ing the latter part of embryonic stage 8. The early expression
shows the same sharp anterior boundary seen at later stagesThe four rostral neuromeres and the seven caudal neuro-
meres are fused to form compound rostral (or subesopha- and spreads posteriorly as the segments mature. It is inter-
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FIG. 5. Lox7 RNA expression during Helobdella embryogenesis is shown by whole-mount in situ hybridization with digoxigenin-labeled
riboprobes. (A) Stage 10 H. robusta embryo, shown with anterior to the left and ventral down. A small number of segmentally iterated
cells express Lox7 RNA throughout the full length of the segmental nerve cord, but does not extend into the unsegmented cephalic region.
The arrangement and intensity of the hybridizing cells differs in the four anterior most neuromeres (R1±R4) relative to the midbody and
caudal segments. Scale, 100 mm. (B) Early stage 9 embryo, viewed from the anterior with ventral down. The most anterior hybridization
is observed in neuromeres R1 and R2. Scale, 50 mm.
esting to note that the early pattern of Lox6 hybridization is Lox20. During the later stages of embryonic develop-
ment, Lox20 RNA is expressed in a segmentally restricteduniform within the anteriormost segments of its expression
domain and seems to involve a relatively large number of pattern with anterior boundary in segment R3. At the onset
of embryonic stage 9, Lox20 RNA ®rst appears in 6±10 ofcells. Thus, it would appear that nervous system maturation
also brings about an overall decrease in the number of neu- the mesodermal septa which project from the intersegmen-
tal grooves of the developing ventral nerve cord toward therons expressing Lox6. Segment R3 is protected from this
apparent loss of Lox6 expression and thus maintains a high lateral edges of the germinal plate (Fig. 7A). As development
proceeds, Lox20 RNA becomes more generally distributedlevel of Lox6 transcripts into later embryogenesis.
FIG. 6. Lox6 RNA expression during Helobdella embryogenesis is shown by whole-mount in situ hybridization with digoxigenin-labeled
riboprobes. (A) Stage 10 H. robusta embryo, shown with anterior to the left and ventral down. Intense expression is observed in the R3
neuromere (hollow arrowhead), with smaller clusters of expressing cells in all of the more posterior neuromeres. Hybridization is also
observed in epidermal structures in segments R3 (solid arrowhead) and R4. Broken line demarcates the anterior end of the segmental
nervous system. The yolk-®lled midgut (mg) is unstained. Scale, 100 mm. (B) A detail of rostral segments R1-R4 from a thick parasagittal
section shows Lox6 RNA staining in the CNS beginning in neuromere R2 and extending posteriorly. The R1 neuromere is longer due to
the anteromedial displacement of one of the two lateral glial packets found in other segments. Scale, 20 mm. (C) Dorsal view of a dissected
nervous system showing expression of Lox6 RNA in neuromeres R2±R4 (numbered). Note the much higher overall level of expression
in neuromere R3 compared to more posterior segments. The most anterior expression of Lox6 RNA is in a small cluster of neurons
(arrowheads) in the posterolateral corner of the R2 neuromere. Scale, 20 mm.
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FIG. 7. Expression of Lox20. Lox20 RNA expression during leech embryogenesis is shown by whole-mount in situ hybridization. In all
cases, anterior is to the left. (A) Ventral view of an early stage 9 embryo showing Lox20 expression con®ned to the ®rst 5-6 intersegmental
mesodermal septa (arrows). This photograph is focused deep to the ventral nerve cord which does not express Lox20 at this stage of
development. Scale bar  50 mm (B) Lateral view, ventral side down, of a stage 10 embryo showing that Lox20 RNA expression is
widespread in the rostral part of the embryo, with a relatively sharp anterior boundary in segment R3 and no staining in the posterior
region. Scale bar  100 mm (C) High magni®cation of the rostral region of an early stage 10 embryo. The arrow indicates the anterior
boundary of Lox20 in the R3 neuromeres of the subesophageal ganglion. Staining is faint in the R3 but is considerably more intense in
neuromere R4. There is no apparent staining in neuromeres R1 or R2. Note that the level of Lox20 hybridization diminishes gradually
in the next several more posterior segments. Mesodermal staining is out of the plane of focus. Scale bar, 50 mm. (D) Ventral view of a
stage 10 embryo showing that midline staining is con®ned to a single segment-wide strip which includes the posterior region of R3 and
the anterior region of R4. Note that staining extends posteriorly in the lateral mesodermal tissues. Scale bar, 50 mm.
within the mesoderm and also appears in the segmental the latter part of stage 10 and the beginning of stage 11, a
period of development during which this technique worksnerve cord (Figs. 7C and 7D). Lox20 expression was unde-
tectable in the R1 and R2 neuromeres, and there was a well for many other genes. This ®nding suggests that there
is a dramatic downregulation of Lox20 expression at thisconsistently low level of expression in the anterior half of
neuromere R3. Hybridization was considerably more in- time. In addition, Lox20 is expressed during the earlier
stages of Helobdella embryogenesis, prior to the formationtense in the posterior half of R3 and in the entire R4 neu-
romere (Fig. 7C). The level of Lox20 hybridization decreases of the mature segmental body plan. This early pattern of
Lox20 expression will be described in detail elsewhere.gradually in the next more posterior ganglia (Figs. 7C and
7D), and CNS staining was never observed posterior to seg- Lox5. During embryonic stage 9, Lox5 RNA is expressed
in a segmentally restricted pattern with anterior boundaryment M2. There is also a posteriorly decreasing gradient of
Lox20 expression in the mesoderm (Figs. 7B, and 7D), but in segment R4. At this stage hybridization is predominantly
localized to the CNS, with a small number of neurons stain-it extends only a couple of segments more posteriorly than
that seen in the CNS. Little or no staining was seen in the ing in the posterior of neuromere R4 and a more widespread
staining in all of the more posterior neuromeres/gangliaepidermis or gut.
Lox20 displays a temporal pattern of regulation distinct along the nerve cord's length (Figs. 8A and 8B). There was no
apparent hybridization in the gut, mesoderm, or peripheralfrom that of the two genes described above. First, Lox20
RNA ceases to be detectable by in situ hybridization during ectoderm at this stage.
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FIG. 8. Lox5 RNA expression during Helobdella embryogenesis is shown by whole mount in situ hybridization with digoxigenin-labeled
riboprobes. (A) Stage 10 H. robusta embryo, shown with anterior to the left and ventral down. Expression of Lox5 RNA is observed in
the ventral nerve cord continuously from the R4 neuromere to the posterior end. Broken line demarcates the anterior end of the segmental
nervous system, and asterisk marks the embryonic adhesive gland. The yolk-®lled midgut (mg) is unstained. Scale 100 mm. (B) Comparable
view of a late stage 8 embryo, showing the same segmental distribution of neural staining. Arrowhead marks a small plug of yolk extending
into the future oral canal. Scale 100 mm. (C) Ventral view of a mid-stage 8 embryo, with anterior to the top. The younger, more posterior
segments show hybridization in a lateral mesodermal structure (m), whereas the older, more anterior segments only show intense hybridiza-
tion in the ganglia of the ventral nerve cord (g). In this specimen, loss of Lox5 expression in the mesodermal structure is asynchronous
by one segment on the two sides. Scale 20 mm. (D) Ventral view of a younger stage 8 embryo, with anterior towards the top. At this stage
the posterior portion of the body consists of separate right and left germinal bands (gb), which have fused anteriorly to form the germinal
plate (gp). There is no obvious midline neural staining, but a bilateral spot of mesodermal staining in every segment. Scale, 50 mm. (E)
High-magni®cation view of the deep surface of a stage 8 somite, showing a single large mesodermal cell expressing Lox5 RNA (arrowhead).
Brackets mark the extent of the somite, with anterior to the top and the midline to the left. Scale, 10 mm.
The temporal pattern of Lox5 expression is generally sim- from the onset of this neural expression (Fig. 8B). Detectable
levels of Lox5 RNA rapidly disappear during the latter partilar to that described for Lox20. Lox5 is also expressed prior
to the formation of the segmental body plan, and its early of embryonic stage 10. Expression is ®rst lost from the ros-
tral and midbody segmentsÐleaving a block of continuedpattern of expression will be described in detail elsewhere.
It is, however, noteworthy that Lox5 RNA is not restricted expression in the fused caudal ganglionÐbut the latter also
ceases to hybridize to Lox5 probes by the onset of stage 11.to neural tissue at earlier stages, but is also found in the
lateral mesodermal tissues of the early stage 8 germinal
plate. This mesodermal expression disappears in an ante-
rior-to-posterior wave (Fig. 8C) and early on consists of a DISCUSSION
single large cell (distinct from the nephridioblast) situated
deep within each somite (Figs. 8D and 8E). The anterior We here characterize four Hox genes of the leech Helob-
della and use a variety of techniques to establish their indi-boundary of Lox5 expression in the R4 neuromere is evident
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vidual orthologies with Hox genes known from other animal crete orthologs of the Antp family genes Antp, Ubx, and
abdA (Averof and Akam, 1995; Averof et al., 1996; Denellspecies, particularly arthropods. Phylogenetic sequence
analysis and comparison of conserved motifs indicates that et al., 1996), indicating that the Antp family had expanded
to three genes prior to the arthropod radiation (Fig. 9B). ItLox7 is a member of the LAB gene class; Lox6 is a member
of the Dfd gene family (ANTP class); Lox20 is a member of has been proposed that these duplications occurred after the
separation of arthropods from annelids and hence that thethe Scr family (ANTP class); and Lox5 is a member of the
Antp family (ANTP class), as de®ned by BuÈ rglin (1994). In last common ancestor of arthropods and annelids had only
a single Antp family gene (Akam, 1995; Valentine et al.,situ hybridization reveals that all four of these genes are
expressed in segmentally restricted patterns during the latter 1996).
This latter idea is contradicted by the present comparisonstages of leech embryogenesis and that the anterior borders
of their individual expression domains are ordered along the of Hox genes between the leech and the fruit¯y. Our neigh-
bor-joining tree gives strong support for distinct Ubx/abdA/AP axis in a sequence identical to that observed for the
orthologous genes in other bilaterian animals (Fig. 9A). Lox2/Lox4 (P  1.00) and Antp/Lox5 (P  0.752) clades,
indicating that at least two separate precursor genes were
already present in the last common ancestor. We also ®nd
Hox Gene Evolution in the Annelid and Arthropod that there is interphyletic conservation in the anteroposter-
Lineages ior positioning of the expression domains associated with
these two ``subfamilies'' of Antp genes, consistent with theThe Hox gene cluster is thought to have arisen by the
repeated serial duplication of a single ancestral gene (Schu- colinearity of other genes in the Hox cluster. From these
data we conclude that at least one duplication must havebert et al., 1993). Previous comparisons of protostomes and
deuterostomes have revealed an interphyletic correspon- occurred in the Antp gene family of the protostomes prior
to the separation of the annelid and arthropod branches. Wedence of the LAB class, the proboscipedia, Dfd, Scr, and
Antp families within the ANTP class, and the ABD-B class, envision that the more ``anterior'' ancestral gene gave rise
to Lox5 in the leech and to Antp in the ¯y, whereas theindicating that the Hox cluster must already have contained
at least one representative gene for each of those six groups more ``posterior'' ancestral gene gave rise to Lox2 and Lox4
in the leech and to Ubx and abdA in the ¯y. It has beenin the last common protostome/deuterostome ancestor
(McGinnis and Krumlauf, 1992; Ruddle et al., 1994; Zhang suggested that independent duplication events are responsi-
ble for the Lox2/Lox4 gene pair in the leeches and the Ubx/and Nei, 1995; Holland and Garcia-Fernandez, 1996). Here,
we do not address the class 3 Hox genes of vertebrates nor abdA gene pair in the insects (Wong et al., 1995), and our
®nding of a robust Lox2/Lox4 sister grouping (P  0.820) isthe insect zen genes which have been reported to derive
from a single gene in the Hox cluster of the protostome/ consistent with this idea. Drosophila also possesses a fourth
Antp family gene (ftz) that is thought to have emerged laterdeuterostome ancestor (Falciani et al., 1996), but whose re-
lationships remain somewhat obscure. during the radiation of the arthropods (Akam et al., 1994),
possibly by duplication of the anteriormost family member.The molecular phylogeny presented here con®rms the
major points of this view of early Hox gene evolution. The In the branchiopod crustacean Artemia franciscana, the
three Antp family genes are expressed in nearly coincidentleech has discrete members of the LAB class (Lox7), the Dfd
family (Lox6), the Scr family (Lox20), and the Antp family domains along the AP axis. Averof and Akam (1995) suggest
that this is the primitive condition for arthropods and pro-(Lox5, Lox2, and Lox4). The chromosomal organization of
these genes is unknown, but the AP organization of their pose that the coincident expression seen in Artemia is held
over from an evolutionary stage in which the Antp familyexpression domains is consistent with the orthology assign-
ments based on amino acid sequence. There is evidence of genes had duplicated but had not yet undergone spatial sepa-
ration of their expression domains along the AP axis. Givensimilar Hox gene complexity within the polychaete anne-
lids Ctenodrilus (Dick and Buss, 1994) and Chaetopterus our present ®nding that the Antp family had already ex-
panded to at least two genes prior to the annelid/arthropod(Irvine and Martindale, 1997). Candidate Abd-B orthologs
have also been proposed for both leeches and oligochaetes separation, one must now entertain this same idea (coinci-
dent domains of expression) for the last common ancestor(Irvine and Martindale, 1996; Snow and Buss, 1994), al-
though no proboscipedia family member has yet been re- of these two phyla. If the Antp and Ubx/abdA ancestor
genes did have coincident domains of expression at the timeported in any annelid. Our phylogeny shows a pb/lab group-
ing (P  0.988), in contrast to BuÈ rglin's schema, which of phyletic separation, then the spatial divergence of those
expression domains must have occurred secondarily andplaced the pb family within the ANTP class, distinct from
the LAB class. Our phylogeny and previous work (Schubert independently in both the leech and insect lineages. The
fact that these domains separated with the same AP polarityet al., 1993; Zhang and Nei, 1995) suggest a revised view,
placing pb-family genes within the LAB class. (Antp  anterior; Ubx/abdA  posterior) in the two taxa
can be readily explained by the extraordinarily robust con-Additional, later Hox gene duplicationsÐparticularly in-
volving the Antp gene familyÐare thought to have oc- servation of AP colinearity among Hox genes as a group. On
the other hand, the fact that Antp family gene expressioncurred following the protostome/deuterostome separation
(McGinnis and Krumlauf, 1992). Comparison of crustacean domains underwent spatial separation in leeches as well as
insects would indicate that such separations did not requireand insect Hox clusters reveals that both taxa contain dis-
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FIG. 9. (A) Primary boundaries of expression of Hox class genes in late-stage embryos of ¯y (top) and leech (bottom). Scale bars below
each diagram demarcate the major body regions and subdivisions of each embryo. Colored bars with abbreviated gene names at left indicate
major domains of expression along the body axis while thinner bars indicate regions of lower expression; presumed orthologs share like
coloring. Note that in both ¯y and leech, anterior boundaries of expression for Antp family genes have discrete overlapping domains along
midbody segments. (Fly expression after Slack et al. (1993) and Beeman et al. (1993); leech expression from this paper and Nardelli-
Hae¯iger and Shankland (1992) and Wong et al. (1995). Abbreviations: cl, clypeo-labral; int, intercalary; mn, mandibular; mx, maxillary;
lb; labial; T, thoracic; A, abdominal; r, rostral segments; m, midbody segments; c, caudal segments). (B) One scenario for Hox cluster
evolution, with emphasis on events involving the Antp family genes since the arthropod/annelid divergence. Inferred clusters are shown,
beginning with the minimal Hox complement for the most recent common ancestor of protostomes and deuterostomes. Duplications are
shown with double arrows leading from the ``parent'' gene to the duplicated products below. Before the protostome/deuterostome diver-
gence, the cluster is thought to have contained an Antp-family precursor (AntpF), which later duplicated to yield an anteriorly expressed
AntpA and a more posteriorly expressed AntpP in the arthropod/annelid common ancestor. The posterior acting AntpP underwent
independent duplications, one in the arthropod lineage before the insect/crustacean divergence to give rise to Ubx and abdA and another
in the annelid lineage, giving rise to Lox2 and Lox4. Leech Hox numbers for genes whose expression is discussed in this paper are given
beneath the genes for the hypothetical annelid cluster, beginning with Lox7 at left. Annelids may have undergone additional Hox cluster
proliferation, by either tandem or entire cluster duplication. Additional gene sequences as well as information from conserved motifs
outside of the homeodomain (e.g., the hexapeptide) will likely revise and re®ne our view of Hox-clustering events in the annelids.
a subdivision of the midbody into overt tagmata akin to the seem at odds with the recent phylogeny proposed by Agui-
naldo et al. (1997), which places nematodes and arthropodsthorax and abdomen of insects (Averof and Akam, 1995).
The possession of conserved Antp and Ubx/abdA-type in a single clade, more distant from annelids and orther
protostomes. The soil nematode Caenorhabditis eleganssubfamilies by annelids and arthropods may have implica-
tions for the evolutionary proximity of these phyla. Genes has a relatively simple Hox cluster of only four genes, in-
cluding a single Antp family member, with highly divergentat the center of the Hox cluster do not exhibit such a strict
correspondence in comparisons between vertebrates and ar- homeodomain sequences (Wang and Kenyon, 1995). The
organization of this cluster appears consistent with thethropods, consistent with the distant relationship between
deuterostomes and protostomes (Winnepeninckx et al., more traditional placement of the nematodes as the out-
group to both protostomes and deuterostomes. If nematodes1995). The similarities in arthropod and annelid Hox genes
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are, in fact, phyletically nearer the arthropods than are anne- life (Berezovskii and Shankland, 1996). In general terms this
variability in the organization of posterior boundaries islids, as proposed by Aguinaldo et al. (1997), they must have
undergone a secondary simpli®cation of the Hox cluster, reminiscent of what has been reported for vertebrates, in
which Hox genes have sharp anterior expression bound-including multiple loss of genes and blurring of orthologies,
unlike the evolutionary trends observed in other organisms. aries, and some have equally sharp posterior boundaries,
whereas others show a graded decrease in posterior expres-Identi®cation of leech Hox genes is still in progress, and
there may have been as yet uncharacterized gene or cluster sion (Manak and Scott, 1994).
The conserved order of anterior expression boundariesduplications. For example, Lox1 is a homeobox gene from
the leech Hirudo (Aisemberg and Macagno, 1994) whose se- among different phyla is intriguing in light of their out-
wardly distinct cellular mechanisms of body plan formationquence suggests that it is a member of the Scr family. Lox1
differs from genes described here in that its expression pat- (Shankland, 1991; Kenyon, 1994; Irvine and Martindale,
1996), but nonetheless argues that the last common ances-tern is not segmentally restricted (Aisemberg and Macagno,
1994), raising the possibility that it is a divergent Hox gene tor of the bilaterian animals possessed an axially differenti-
ated body region that was ancestral to the regionally differ-that has taken on a function other than segmental differentia-
tion, much as is thought to have happened with the ftz gene entiated AP body trunk of modern day bilaterians. The fact
that anterior boundaries have been the most strictly con-in insects (Dawes et al., 1994). Several other candidate Hox
genes have to date only been characterized on the basis of served may re¯ect some need to maintain ®nely resolved
AP differentiation near the head end of the trunk, due forsequence (Aisemberg et al., 1994; Shankland, unpublished),
including another Dfd family member, Lox18, thatÐlike instance to evolutionary constraints placed by the sensory
and motor specializations attendant to cephalization. TheLox6Ðcontains the conserved pentapeptide sequence (Kour-
akis et al., 1996). Determining the genomic organization of higher degree of interphyletic conservation in the ordering
of Hox gene domains nearer the head (Averof and Akamthe complete array of leech Hox genes should provide addi-
tional insight into the evolution of the Hox cluster. 1995; Prince et al., 1996) is also consistent with this view.
On the other hand, interphyletic differences in the posterior
extents of Hox gene expression domains suggests that pat-
Conservation of AP Patterning Mechanisms terning mechanisms in the remainder of the trunk may have
diverged to a greater extent, and raises the possibility thatHox genes in ¯ies and mice are expressed along the AP
axis of the embryo in a conserved order corresponding to posterior lengthening of the body trunk may have occurred
independentlyÐand by differing developmental mecha-the order of their chromosomal organizationÐthe property
of ``colinearity''Ðand the deployment of Hox gene expres- nismsÐsubsequent to the radiation of the various bilater-
ian phyla.sion domains found within the leech CNS is entirely in
keeping with their orthologs in other species (Fig. 9A). Lox7
(lab) is expressed up to the anterior border of the seg-
Gene Regulation in Different Tissuesmented nerve cord; Lox6 (Dfd) is expressed up to the mid-
dle of the second rostral neuromere; Lox20 (Scr) is ex- The leech Hox genes described to date all show their most
intense levels of expression within the neurons of the CNSpressed up to the anterior border of the third rostral neurom-
ere; and Lox5 (Antp) is expressed up to the middle of the (Aisemberg and Macagno, 1994; Nardelli-Hae¯iger et al.,
1994; Wong et al., 1995). On the other hand, they do notfourth rostral neuromere. Further evidence for the colinear-
ity of Hox genes between the leech and other higher metazo- display any detectable expression in the peripheral ecto-
derm, with the sole exception of Lox6 in the R3 segmentans is the ®nding that Lox2 and Lox4 (Ubx/abdA) have
anterior expression boundaries situated yet more posteri- (Fig. 6A). This is in stark contrast to the insect embryo, in
which there is a high level of Hox gene expression in theorly in the midbody segments (Wysocka-Diller et al., 1989;
Wong et al., 1995). body wall ectoderm, and both central and peripheral neu-
rons express Hox genes at similar levels. This phyletic dif-In contrast, the posterior extent of Hox expression in
leeches is not very highly conserved with animals from ference may be related to the fact that leech segments are
more nearly homonomous in terms of the cell fates adoptedother phyla. Lox5 and Lox7 are expressed in an essentially
uniform segmental pattern from their anterior boundaries by the peripheral ectoderm. In ¯ies and vertebrates there is
a greater amount of segmental diversi®cation in the bodyin the head to the last neuromere of the terminal ganglion.
Lox6 is also expressed in a uniform pattern to the posterior wallÐsuch as lateral appendagesÐwhich are known to de-
pend upon Hox gene activity (Burke et al., 1995). Alterna-end of the embryo, but during late stages the embryo devel-
ops a uniquely high level of expression in only a single tively, the observation of segment-speci®c expression of a
leech hunchback ortholog in the peripheral ectoderm ofrostral neuromere. Lox20 develops a high level of expression
in a neighboring rostral neuromere, but its posterior expres- Helobdella (Savage and Shankland, 1996) raises the possibil-
ity that the peripheral ectoderm of the leech embryo utilizession fades away over a space of a few segments and never
approaches the terminal ganglion. Finally, Lox2 and Lox4 a different set of molecular determinants to undergo AP
differentiation.have both anterior and posterior expression boundaries
within the midbody (Nardelli-Hae¯iger et al., 1994; Wong There is striking variation in the mesodermal expression
of the leech Hox genes. Unlike the other leech Hox genes,et al., 1995), and the posterior limit is maintained into adult
Copyright q 1997 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8689 / 6x2d$$$141 09-24-97 12:01:15 dbal
298 Kourakis et al.
Lox20 and Lox5 go through periods of widespread, high- AP patterning mechanism such that the Hox genes now
confer ``segment identity'' onto the individual metamericlevel expression in the segmental mesoderm (Figs. 5 and 6).
In contrast, Lox2 shows high-level expression only within units. However, Bateson's claim (1894) that serial repeti-
tion and segmentation are not essentially different mighta non-iterated mesodermal derivative (reproductive tissues),
and has minimal levels of RNA and protein expression in remind us that the role of Hox patterning has yet to be
elaborated in many phyla that are unsegmented, such asthe segmental musculature and nephridia (Nardelli-
Hae¯iger and Shankland, 1992; Nardelli-Hae¯iger et al., molluscs, sipunculids, and nemerteans, but nonetheless
use serial repetition of parts.1994). Lox4 also shows a very limited mesodermal expres-
sion (Wong et al., 1995), and no mesodermal expression was At the present time we can only infer the developmental
function of the leech Hox genes from their patterns of em-seen here for either Lox7 or Lox6. This striking disparity in
the mesodermal expression of particular leech Hox genes bryonic expression. Experimental embryology has shown
that the primary blast cells that found the individual seg-is particularly interesting in that it correlates with their
temporal patterns of expression (see below). ments of the leech embryo already possess a segment iden-
tity around the time of their birth (Martindale and Shank-
land, 1990; Gleizer and Stent, 1993), several days before
Temporal Regulation the late subset of Hox genes are initially expressed in the
germinal plate. As previously noted (Nardelli-Hae¯iger andThe most striking difference between the Hox genes of
leeches and those of other segmented organisms is their Shankland, 1992), this temporal discrepancy suggests that
the initiation of segment identity does not require the lateapparent separation into two distinct categories with re-
spect to temporal deployment during embryogenesis. Stud- subset of leech Hox genes. This state of events was also
predicted by Davidson (1991), who proposed that in embryosies of Lox1 (Aisemberg and Macagno, 1994), Lox2 (Nardelli-
Hae¯iger et al., 1994), Lox4 (Wong et al., 1995), Lox6 and like the leech in which lineage-dependent speci®cation pro-
cesses occur and the relative positions of tissues arise as aLox7 have all reported that histologically detectable expres-
sion begins after the formation of a segmentally organized consequence of an invariant cleavage program, Hox genes
would have no obvious early role in regional speci®cationgerminal plate, continues without signi®cant modi®cation
or loss through the end of embryonic life, and, in at least (although they might exercise other functions) and that only
later in development, when cells begin to multiply and mi-one case, into adulthood (Berezovskii and Shankland, 1996).
On the other hand, Lox20 and Lox5 RNAs are detected grate and ``lineage relations blur,'' would these genes be
recruited for regional control functions.by in situ hybridization beginning at much earlier stages
of Helobdella embryogenesis. Their expression persists Individual, segmentally iterated neurons within the
leech CNS show precise correlations between their seg-through the formation of the segmented germinal plate
and disappears completely during the latter stages of em- mentally restricted expression of Hox gene products and
their segment-speci®c axonogenesis (Wong et al., 1995)bryonic differentiation (stage 10). The expression of these
early and late Hox genes overlaps during a period immedi- and neuropeptide expression (Berezovskii and Shankland,
1996). Moreover, it has been shown that blast cell clonesately following the establishment of a spatially organized
segmental body plan and persists in Helobdella for a pe- transplanted to an ectopic segmental location will later
express Lox2 in a pattern determined by their own auton-riod of 3±4 days (late stage 8 to early stage 10). The early
and late leech Hox genes may be serving distinct develop- omous identity, and not by the AP position in which they
differentiate (Nardelli-Hae¯iger et al., 1994). Thus, regu-mental functions, and it will be interesting to ascertain
whether multiple leech orthologs of single Drosophila lation of Lox2 and the other late Hox genes is clearly
under the control of some earlier speci®cation event, andHox genes show consistently similar or disparate modes
of temporal regulation. we envision that the late phase of Hox gene expression
effectively ``translates'' that already established pattern
of positional values into segmentally organized states of
What Role Do Hox Genes Play in Segmental terminal cell differentiation. Indeed, the persistence of
Speci®cation of the Leech Embryo? segmentally restricted Lox2 expression in the adult nerve
cord (Berezovskii and Shankland, 1996) suggests a roleIn both insects and vertebrates, the Hox genes have
been shown by mutational analysis to play a pivotal role for these genes in both establishing and maintaining the
speci®city of terminal cell fates.in the process of segmental diversi®cation. Hox genes also
play a role in the position-speci®c differentiation of lin- It is less clear to what degree, if any, the early embryonic
expression of Lox5 and Lox20 might contribute to the initialeally homologous cells distributed along the AP axis of
the nematode C. elegans (Salser and Kenyon, 1994), whose stages of segment identity speci®cation in the leech embryo.
Their early expression patterns will need to be characterizedoverall body plan is not metameric. Such ®ndings indicate
that the Hox genes represent part of a phylogenetically more thoroughly with this point in mind. Nonetheless, it
is intriguing to note that the early embryonic expression ofancient mechanism for differentiation along the AP axis.
Assuming that the last common ancestor of these phyla these two particular Hox genes includes a robust mesoder-
mal expression not seen for the the late Hox genes. Overtwas not segmented suggests that the metameric mecha-
nism was somehow superimposed on top of the ancestral segmental differencesÐe.g., differentiation of nephridia and
Copyright q 1997 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8689 / 6x2d$$$141 09-24-97 12:01:15 dbal
299Hox Gene Expression in Leech CNS
domain in which it expresses Lox2, a member of the Hox genereproductive organs (M.S., unpublished)Ðare apparent sev-
family. J. Neurobiol. 29, 319±329.eral days earlier in the mesoderm than in the ectoderm, and
BuÈ rglin, T. R. (1994). A comprehensive classi®cation of homeoboxmesodermal derivatives have been shown to have relatively
genes. In ``Guidebook to the Homeobox Genes'' (D. Duboule,early inductive effects on the differentiation of ectodermal
Ed.), pp. 25±74. Oxford Univ. Press, New York.(Martindale and Shankland, 1988) and endodermal (Wedeen
Burke, A. C., Nelson, C. E., Morgan, B. A., and Tabin, C. (1995).
and Shankland, in press) derivatives within the same seg- Hox genes and the evolution of vertebrate axial morphology. De-
ment. It may be that the mesoderm of the leech embryo velopment 121, 333±346.
undergoes a precocious utilization of the Hox genes relative Castelli-Gair, J., Greig, S., Micklem, G., and Akam, M. (1994). Dis-
to the other germ layers and that the distinctive temporal secting the temporal requirements for homeotic gene function.
regulation of Lox5 and Lox20 is in some way intimately Development 120, 1983±1995.
Chomczynski, P., and Sacchi, N. (1987). Single-step method of RNAassociated with their germ layer speci®city.
isolation by acid guanidinium thiocyanate-phenol-chloroform
extraction. Anal. Biochem. 162, 156±159.
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